Abstract Platelet activation results in the release and upregulation of mediators responsible for immune cell activation and recruitment, suggesting that platelets play an active role in immunity. Animal models and retrospective data have demonstrated benefit of antiplatelet therapy on inflammatory mediator expression and clinical outcomes. This study sought to characterize effects of clopidogrel on the incidence and severity of community-acquired pneumonia (CAP). A retrospective cohort study was conducted of Kentucky Medicaid patients (2001)(2002)(2003)(2004)(2005). The exposed cohort consisted of patients receiving at least six consecutive clopidogrel prescriptions; the non-exposed cohort was comprised of patients not prescribed clopidogrel. Primary endpoints included incidence of CAP and inpatient treatment. Secondary severity endpoints included mortality, intensive care unit admission, mechanical ventilation, sepsis, and acute respiratory distress syndrome/acute lung injury. CAP incidence was significantly greater in the exposed cohort (OR 3.39, 95 % CI 3.27-3.51, p \ 0.0001) that remained after adjustment (OR 1.48, 95 % CI 1.41-1.55, p \ 0.0001). Inpatient treatment was more common in the exposed cohort (OR 1.96, 95 % CI 1.85-2.07, p \ 0.0001), but no significant difference remained after adjustment. Trends favoring the exposed cohort were found for the secondary severity endpoints of mechanical ventilation (p = 0.07) and mortality (p = 0.10). Pooled analysis of published studies supports these findings. While clopidogrel use may be associated with increased CAP incidence, clopidogrel does not appear to increase-and may reduce-its severity among inpatients. Because this study was retrospective and could not quantify all variables (e.g., aspirin use), these findings should be explored prospectively.
Introduction
While it is well established that platelets are integral to hemostasis, more recent evidence points to an important role for platelets in inflammation and immunity. Not only do platelets internalize microorganisms and bind and sequester pathogens, they can also alter properties of endothelial cells and leukocytes to stimulate immune responses; for example, through the production of neutrophil extracellular traps (NETs) that capture bacteria [1] [2] [3] [4] [5] . Platelet activation and sequestration in pulmonary tissue is a key feature in inflammatory or infectious states such as sepsis and acute respiratory distress syndrome (ARDS). Platelets may mediate acute lung injury (ALI) by recruiting neutrophils and releasing granule contents [6] . Thrombocytopenia in the setting of sepsis is a harbinger of worse outcomes in intensive care (ICU) settings, although the reason(s) for higher mortality in thrombocytopenic patients remains unknown. One means to establish the contribution of platelets in infectious and inflammatory states is by studying consequences of antiplatelet therapy.
Antiplatelet drugs, including aspirin and thienopyridines, are a cornerstone of the treatment and prevention of arterial thrombosis. The thienopyridines target the P2Y12 subclass of adenosine diphosphate (ADP) receptors and thereby blunt platelet activation and aggregation stimulated by ADP. Clopidogrel, the most widely used thienopyridine, may attenuate platelet expression of inflammatory and immune markers and the release of inflammatory cytokines. [2, [7] [8] [9] , including IL-1a, 2, 6, 13, 10, TNFa, and TNFb [10] . Use of clopidogrel has been coupled with reductions in C-reactive protein levels and decreased expression of CD40, CD40L, and P-selectin, in a variety of disease states, including cardiovascular disease, cerebrovascular disease, diabetes, and renal transplantation [8, 9, 11, 12] . Clopidogrel may have incremental benefit on reduction of inflammation in addition to aspirin, possibly due to a greater degree of platelet inhibition; additionally, reduction of P-selectin expression appears to be unique to clopidogrel [8] . These data point to the ability of clopidogrel to reduce markers of inflammation and immune activation, which could potentially affect infection incidence or severity. In animal models, clopidogrel pretreatment decreases platelet-leukocyte interactions and reduces neutrophil production of reactive oxygen species [2] . Moreover, recent preclinical data demonstrated that clopidogrel may reduce immune activation in models of sepsis [7, 13] . In particular, a reduction of LPS-mediated thrombocytopenia, fibrin deposition in the lungs, and inflammatory mediator upregulation occurs in mice pretreated with clopidogrel [7, 13, 14] .
Clinical studies also suggest that antiplatelet agents may be associated with better outcomes in patients with pneumonia and critical illness [13, 15] . In 224 hospitalized CAP patients, those receiving antiplatelet agents (n = 44) for at least 6 months had lower need for ICU care and reduced length of stay (LOS) as compared to unmatched controls. Another study in consecutive (n = 615) ICU patients found that pretreatment with antiplatelet agents was associated with lower mortality in critically ill medical and surgical patients and less of a decline in platelet counts [15] . An analysis done in Olmsted County, MN, indicated that pre-hospitalization antiplatelet therapy in critically ill patients was associated with a reduced incidence of ALI and ARDS [16] . Additionally, a retrospective cohort study of ICU admissions revealed an association between aspirin use and survival in systemic inflammatory response syndrome (SIRS) and sepsis [17] .
Together, these studies suggest that antiplatelet agents may modulate outcomes in settings of severe infection and sepsis. The goal of the present study was to determine if an association exists between clopidogrel and either the incidence or the severity of community-acquired pneumonia (CAP) in a large, community-based population.
Methods

Study sample
Prior to study initiation, Institutional Review Board approval was granted from the University of Kentucky (IRB approval 09-0705-X1b) and the Kentucky Cabinet for Health and Family Services (CHFS, approval CHFS-IRB-DMS-FY10-15).The study sample included all adult (C18 years) Medicaid beneficiaries in Kentucky enrolled in Medicaid for C12 months between January 1, 2001, and December 31, 2005 . This time frame defines a dataset with substantial clopidogrel use prior to implementation of the Medicare Part D prescription drug plan (January 1, 2006), where many began using supplemental drug plans. Data were collected from the Kentucky Medicaid claims database with assistance from the Institute for Pharmaceutical Outcomes and Policy (Lexington, KY). Study subjects, comorbidities, and severity data were obtained using the International Classification of Disease, Ninth Revision Clinical Modification (ICD-9-CM) codes and procedure codes (CPT-4) specific for each condition. Pharmacy claims data were used to determine medication use. Each patient was included only once; in patients with multiple CAP diagnoses, only the first was selected.
Patients were excluded if they had a history of HIV/ AIDS, cystic fibrosis, leukemia, lymphoma, hematopoietic stem cell transplant, solid organ transplantation, or lung cancer. Patients with pharmacy claims for any of the following medications or medication classes were excluded: chemotherapy (except antimicrobials), mycophenolate mofetil, mycophenolate sodium, cyclosporine, sirolimus, tacrolimus, azathioprine, or ticlopidine.
Outcomes
The primary study outcomes were incidence and severity of pneumonia. Pneumonia was categorized as a hospitalization, emergency department, or provider office visit, with a primary or secondary diagnosis of pneumonia. Determination of pneumonia severity was based on the need for inpatient treatment, following the recommendations of the Infectious Diseases Society of America-American Thoracic Society (IDSA/ATS) [18] . The IDSA/ATS guideline recommends the use of a severity or prognostic assessment tool such as the pneumonia severity index or CURB-65 score to guide site of care decisions in CAP [18] . Because the components of these tools are either subjective or based on laboratory data unavailable in a billing database, the site of care (inpatient vs. outpatient treatment), was used as a surrogate for initial severity assessment.
Secondary severity measurements in inpatients with pneumonia were: the need for mechanical ventilation; diagnosis of sepsis, severe sepsis, or septic shock; diagnosis of ALI or ARDS; ICU admission; and mortality. Secondary severity outcomes were examined individually and as a composite.
Predictor variables
The present study investigated whether exposure to clopidogrel therapy was associated with increased risk of CAP and/or increased severity of CAP among those diagnosed. The clopidogrel cohort included patients with C6 consecutive prescription claims for clopidogrel during the study period. The comparator cohort was defined as patients without a prescription claim for clopidogrel during the 5-year study period.
All analyses were adjusted for known pneumonia risk factors including: age, gender, race, coronary artery disease (CAD), chronic obstructive pulmonary disease (COPD), heart failure (HF), receipt of systemic corticosteroids, receipt of pneumococcal conjugate vaccine (PCV, Pneumovax Ò ), stroke, diabetes mellitus, and dementia [19] .
Subgroup analysis
To better establish a relationship between severity of CAP and clopidogrel treatment, the investigators chose a priori to analyze the effect of treatment with clopidogrel at the time of CAP diagnosis. In the subgroup of patients with CAP, those with active treatment (clopidogrel prescription claim within 40 days of pneumonia diagnosis) were compared to those who did not receive clopidogrel for the aforementioned severity endpoints.
Statistical analyses
Continuous variables were compared using an independent-samples t test, and dichotomous variables were compared using either a Chi-square test for association or Fisher's exact test, where appropriate. Binary logistic regression models were fit to estimate unadjusted and adjusted odd ratios (ORs) comparing those receiving at least six consecutive clopidogrel prescriptions to those not receiving any clopidogrel prescriptions on CAP incidence and, among those affected by CAP, on several measures of CAP severity. Binary logistic regression models were fit to estimate unadjusted and adjusted ORs comparing CAP patients with active clopidogrel prescriptions to CAP patients not receiving any clopidogrel prescriptions on several measures of CAP severity. The factors used to adjust the ORs were age, gender, race, CAD, COPD, HF, systemic corticosteroid use in previous 30 days, receipt of PCV, stroke, diabetes mellitus, and dementia [19] . Version 9.2 of SAS (SAS Institute, Inc, Cary, NC) was used to carry out statistical analyses. Statistical significance was defined by a p value of less than 0.05.
Meta-analyses
Our meta-analysis sought to examine the protective role of antiplatelet therapy in patients admitted to the ICU with sepsis. Pre-specified outcomes of analyses were short term mortality, composite of acute lung injury and need for mechanical ventilation, and ICU and in-hospital LOS. We searched MEDLINE (January 1980 to February 2011), the Cochrane databases (January 2011), EMBASE (January 1980 to February 2011), CINAHL (January 1982 to February 2011), the US Food and Drug Administration website (http://www.fda.gov), and BIOSIS Previews (January 1980 to February 2011) using the following database-appropriate MESH terms: sepsis, antiplatelet therapy, ICU, mortality, acute lung injury, and mechanical ventilation. Given the inherit differences in study designs, we conducted randomeffects meta-analyses to obtain estimated ORs for the prespecified main clinical outcomes comparing antiplatelet treated patients to controls and reported them with their associated 95 % confidence intervals (CIs). The estimated OR from separate studies was combined according to the DerSimonian and Laird method [20, 21] . The Review Manager software (RevMan version 5.1; Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2011) was used for the analyses.
Results
Patient characteristics
A total of 417,648 patients in the Kentucky Medicaid claims database met inclusion criteria. Of these, 391,503 patients (94 %) had no prescription for clopidogrel and 14,947 (3.6 %) had claims for six clopidogrel prescriptions in consecutive 30-day periods. Demographic and comorbidity data are presented in Table 1 . Patients treated with clopidogrel tended to be older and were likely to be male, Caucasian, have asthma, CAD, COPD, diabetes mellitus, HF, dementia, experienced a stroke, and had received a PCV.
Primary endpoints
The incidence of pneumonia was higher by unadjusted analysis in patients with at least six consecutive clopidogrel claims (5,166 patients; 34.6 %) compared to patients with no clopidogrel claims (52,809 patients; 13.5 %). The estimated OR comparing clopidogrel-treated patients to those with no clopidogrel claims was 3.39 (95 % Table 2) .
Of those with a diagnosis of pneumonia, 2,908 of 5,166 patients (56.3 %) with at least six consecutive clopidogrel claims were more likely (OR 1.96; 95 % CI 1.85-2.07, p \ 0.0001) to be treated as inpatients than the patients with no clopidogrel claims (20,974 of 52,809 patients; 39.7 %). When adjusted for covariates, no statistically significant elevation in the probability of inpatient treatment was associated with clopidogrel treatment (OR adj = 1.00, 95 % CI 0.94-1.07, p = 0.88) ( Table 3) .
Among CAP inpatients, those with active clopidogrel prescriptions had a higher incidence of sepsis (OR 1.62, 95 % CI 1.06-2.46, p = 0.02) than those with no 
Meta-analyses
Based on the trend towards reduced incidence of ARDS/ ALI in hospitalized CAP patients who had been previously prescribed clopidogrel, we performed a separate pooled analyses of observational studies in which the effect of antiplatelet therapy in pneumonia, critical illness, and/or acute lung injury was reported. As shown in Table 4 , five studies were identified that reported outcomes in individuals hospitalized for pneumonia critical illness by antiplatelet therapy at presentation. Two of the studies limited the analysis to aspirin (acetyl salicylic acid) use only. In the pooled analysis, antiplatelet therapy was associated with significantly lower odds of short-term mortality (OR 0.56, 95 % CI 0.49-0.64, p \ 0.00001; Fig. 1 ). When lung injury and need for mechanical ventilation was reported, antiplatelet therapy was associated with a significant reduction in those outcomes (OR 0.71, 95 % CI 0.54-0.91, p = 0.008; Fig. 2 ). There was no statistically significant difference in ICU or hospital stay in patients who presented on antiplatelet therapy as compared to those who did not.
Discussion
Our retrospective, cohort study of the effects of clopidogrel on the incidence and severity of CAP in a large Medicaid database indicated that CAP was more common among patients taking clopidogrel. This association was largely attributable to differences in comorbidities and pneumonia risk factors between groups, and the magnitude of risk was reduced but not eliminated after adjustment for risk factors.
Patients with clopidogrel prescriptions were more likely to be hospitalized for pneumonia, although this difference was not statistically significantly after adjustment for covariates. There were no significant differences in secondary severity indices, however, several near-significant trends in need for mechanical ventilation, risk of ARDS/ ALI, and mortality favored clopidogrel treatment. These observations were supported by pooled analysis of studies reporting the association of antiplatelet therapy and outcomes in patients hospitalized for pneumonia, at risk for ALI, and/or critically ill. Pooled analyses revealed an association between antiplatelet therapy and reduction in (1), short-term mortality and (2), incidence of ALI and need for mechanical ventilation in this patient population. While significant, the reduction in mortality was mainly driven by the large study of Eisen et al., which may hamper the ability to generalize the results. Nonetheless, the results of the other studies and our overall analyses are consistent with the conclusions that antiplatelet therapy is not associated with increased harm and could, rather, be beneficial in patients admitted to the ICU. It is possible that these observations reflect a role for platelet activation in inflammation and immunity. Platelet activation causes the expression of cell surface receptors and release of molecules that can amplify the immune response. Specifically, expression of P-selectin increases platelet-leukocyte interactions, which associate with the severity of sepsis and septic organ dysfunction [5, 22, 23] . Platelet surface expression of CD40L and its subsequent binding to the CD40 receptor may also be involved in immune cell recruitment, chemokine production, IgM to IgG isotype switching, and dendritic cell maturation [1, 24] . Platelet a-granules contain chemokines and other soluble mediators of inflammation such as IL-1b, regulated on activation normal T cell expressed and secreted protein, macrophage inflammatory protein (MIP-1a), monocyte chemoattractant protein, thymus and activation-regulated chemokine, and antimicrobial defensins [1, 5, 25, 26] . Platelet-activating factor (PAF) is primarily expressed by platelets, and PAF receptor deficiency has been shown to improve the immune response to pneumococcal pneumonia [27. ] Platelets also express toll-like receptors (TLRs), pathogen recognition receptors involved in activation of innate immunity, including TLR2 and TLR4 that recognize the common bacterial molecules peptidoglycan and lipopolysaccharide (LPS), respectively [28-31.] Interactions between platelet TLR4 and LPS may play a role in thrombocytopenia in sepsis and pulmonary fibrin deposition. Activated platelets, particularly in the context of LPS stimulation, trigger the release of extracellular DNA traps (NETs) from neutrophils. These DNA strands with proteolytic activity serve to capture and degrade microbes. Thus, immune-mediated effects of platelets may be important for the host defense response. At the same time, platelet activation may exacerbate acute lung injury by promoting the recruitment of neutrophils and release of pro-inflammatory mediators [32] . Our findings that use of clopidogrel may be associated with increased risk of CAP and hospitalization as well as a trend towards reduced severity indices in hospitalized patients, would be consistent with a biphasic role for platelets in lung infection and its sequelae. Platelets may be important in the initial clearance of pathogens. This is supported by the increased risk of sepsis seen among clopidogrel-treated patients. Once the infection progresses systemically, inhibition of platelet function may have beneficial consequences, especially in regards to mechanical ventilation, ALI, and ARDS. Further investigations can determine the magnitude of this effect.
Limitations to our cohort study include those inherent in its retrospective design, and approximation of clinical outcomes from a billing database. Coding may not accurately reflect endpoints and may affect quantification of the effects of clopidogrel treatment found in our study sample. The temporal relationship between clopidogrel treatment and pneumonia could only be determined in those patients with a CAP diagnosis, thereby limiting our ability to draw inferences by comparing patients with at least six consecutive clopidogrel prescriptions to patients with none. Although we used prescription claims in consecutive 30-day periods to approximate adherence, medication compliance could not be definitively determined. Due to over-the-counter use, aspirin therapy could not be monitored and its use or other medications that track with clopidogrel may confound results. We cannot distinguish a specific benefit of clopidogrel because many patients with prescriptions for clopidogrel would be expected to have one or more indications for lifetime aspirin or other medications for prevention of cardiovascular disease. Indeed, most patients in the clopidogrel group were likely receiving aspirin at the time of CAP diagnosis. It is also possible that the observed differences might have been diminished by unrecorded aspirin use in those without prescriptions for clopidogrel. Use of antiplatelet therapy may simply be a marker for the causative factor, for example, statin use. Finally, medical contact may be greater in patients who are receiving prescriptions for clopidogrel. If so, they may have been more likely to be diagnosed with pneumonia and may have had a higher likelihood of being prescribed antibiotics early due to closer follow-up in the healthcare system. We were unable to monitor either access to healthcare or timing (and appropriateness) of initial antibiotic therapy, both of which could have confounded our results.
In summary, we report the first assessment of the impact of an antiplatelet drug on incidence and severity of CAP. The trend towards reduced secondary pneumonia severity endpoints observed in our cohort analysis and the findings of the meta-analysis should stimulate future prospective investigation to determine if antiplatelet therapy can modulate the severity of outcomes related to pulmonary or systemic infection. Clinically, this may necessitate an evaluation of whether antiplatelet therapies are continued in critically ill patients. This area of research will continue to evolve in both clinical and translational arenas.
